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BODY OF REPORT

INTRODUCTION

During the life cycle of the malaria parasite, a series of complex phenotypic switches
occur that allow it to alternate between its invertebrate and vertebrate hosts. The majority of
these switches occur in a precisely regulated way as morphologic changes during parasite
development. Others occur in the form of antigenic variations that contribute to immune
evasion by the parasite in the vertebrate host (1). While the molecular basis for most
developmental switches is poorly understood, more is known about the antigenic variation
observed in this parasite. Extensive chromosomal polymorphisms have been observed in
different geographical isolates of the human malaria parasite Plasmodium falciparum (2,3).
These polymorphisms may reflect a mechanism by which some antigenic diversity arises (4).
In addition, the unusual stretches of tandemly repeated protein coding sequences comprising
most malarial antigen genes may further facilitate strain variation (5,6,7).

Characterization of polymorphic chromosomes of P. falciparum has revealed the
presence of large deletions that arise mitotically during the asexual life cycle of the parasite,
both in vivo and in vitro (3,4,8). In addition, nonparental karyotypes have been identified
after a genetic cross of two cloned isolates indicating that chromosomal polymorphisms also
arise meiotically (9,10). It has been observed that large chromosomal deletions are associated
with the loss of specific antigens (11,12). This observation has facilitated the characterizaiton
of these chromosomes and the mechanism by which these deletions arise. The first such
rearrangement to be described was in the gene for the knob-associated histidine-rich protein
(KAHRP) (4), which maps to chromosome 2. This protein is required for the formation of
knobs (13), structures that mediate the binding of the infected erythrocyte to capillary
endothelial cell surfaces (14,15,16). As a consequence of knob formation and endothelial cell
binding, high parasitemias and obstruction of the micro-circulation are observed that
contribute to the virulence associated with falciparum malaria (17). Spontaneous mutants
have been isolated that have lost the knob and are thus avirulent (18). We have previously
shown that loss of the knob in these mutants resulted from a rearrangement in the gene for
the KAHRP with deletion of 3' sequences and association of the truncated gene with a
telomere (4).

We have used the KAHRP rearrangement, which generates the knobless phenotype as
a model for chromosomal polymorphisms, and have characterized the structure of the
polymorphic chromosome 2 in four independent K isolates. An extensive deletion was found
on those chromosomes distal to the KAHRP gene, and an abrupt transition occurred at the
breakpoint from coding sequence to telomeric repeats. No evidence of a target for
homologous recombination was found, suggesting that chromosome breakage and healing by
the addition of telomeric repeats has occurred. Further support for this mechanism in
generating deletions was found in the analysis of a chromosome 8 polymorphism that was
associated with the loss of HRP II gene expression. In contrast to the KAHRP, the functions
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of the other histidihe-rich proteins of P. falciparum, HRP Il and Ill are unknown. HRP III is
nonessential to. survival of the parasite inz its vertebrate and inse1,z Posts (9); HRP IH is
dispensible in culture and may be nonessential in vivo as well. Characterization of
chromosome 8 from an HRP H- isolate revealed a structure similar to what was found for the
chromosome 2 polymorphisms in the KAHRP gene. These results suggest that the
mechanism of DNA breakage and telomere healing in generating these polymorphisms may
be general. This process may also suggest a mechanism by which changes in Plasmodial
gene expression may be occurring, such that the widely observed chromosome polymorphisms
may indicate other changes in specific gene expression.

RFSULTS

Rearrangements on chromosome 1 in the RESA gene indicate a specificity for
chromosome breakage and healing in P. falciparum (Pologe, de Bruin and Ravetch,
submitted 12/89)

Ring-infected erythrocyte surface antigen-negative isolates of Plasmodiumfaiciparum
demonstrate a complex DNA rearrangement with inversion of 5' coding sequences, deletion of
upstream and flanking sequences, and healing of the truncated chromosome by telomere
addition. An inversion intermediate that results in the telomeric gzne structure for RESA has
been identified in the pathway. This inversion created a mitotically stable substrate for the
sequence-specific addition of telomere repeats at the deletion breakpoint.

The genome of Plasmodium falciparum, the protozoan parasite responsible for the
most severe form of human malaria, is extremely flexible. It displays polymorphisms on the
order of fifty to hundreds of kilobase pairs betweeu genetically equivalent chromosomes from
different parasite isolates(12,4,3). These chromosome length polymorphisms can involve
deletions in which structural genes are lost (19,4,20). One well-characterized mechanism by
which this class of polymorphisms is generated is the introduction of double-stranded breaks
in the DNA, followed by the enzymatic addition of telomere repeats to the free 3' ends,
thereby stabilizing the foreshortened chromosome fragment to mitosis (20). A conserved
sequence element has been identified at the breakpoint of multiple, independent events,
suggesting a specificity to either the breakage or the healing reaction (20). This specificity
has been further characterized by the detailed analysis of ý subtelomeric rearrangement for
chromosome 1 in the ring-infected erythrocyte surface antigen (RESA) gene.

RESA is a 155,000-M, peptide of unknown function which is deposited onto the
erythrocyte surface by the invading merozoite during asexual development (21) and which
accumulates in the erythrocyte cytoplasm surrounding the gametocyte at the onset of sexual
develcr.aent (22). The structure of the RESA gene in a RESA" isolate has been shown :o
involve both an inversion of the signal-encoding exon and a large deletion. This inversion is
mediated by homologous recombination between homopolymeric A and T sequences in the 5'
untranslated and intron sequences, respectively. The deletion includes DNA sequences from
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the middle of the signal exon 5' to the end of the chromosome. The resulting truncated gene
is followed by an abrupt transition to the P. falciparum telomere repeat sequence (23).
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CONCLUSIONS

These studies indicate that an inversion intermediate can be detected and is likely to
precede the deleted, healed form. A previous model (23) for generating the RESA gene
structure which proposed an unresolved recombination event with nuclease digestion and
healing instead of an intermediate ib therefore incorrect. The inversion appears to be a
required first step in this DNA rearrangement. If specificity resided in the cleavage reaction,
then healing could generate a RESA telomeric gene in the absence of inversion. We have
never detected a RESA telomeric gene with the signal exon in an uninverted oritentation.
The inversion rearranges the conserved CA dinucleotide to a centromere-proximal position.
Breakage and healing of the inverted sequence then result in a mitotically stable, truncated
chromosome. These results indicate a sequence specificity for the healing reaction, which
always includes a CA dinucleotide.
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Large Deletions Result from Breakage and
Healing of R falciparum Chromosomes

Laura G. Pologe and Jeffrey V. Ravetch Pologe and Ravetch, 1986; W. Trager, personal communi-
DeWitt Wallace Research Laboratory cation). In addition, nonparental karyotypes have been
Sloan-Kettering Institute identified after a genetic cross of two cloned isolates indi-
1275 York Avenue cating that chromosomal polymorphisms also arise meiot-
New York, New York 10021 ically (Walliker et al., 1987; Sinnis and Wellems, 1988). It

has been observed that large chromosomal deletions are
associated with the loss of specific antigens (Wellems et

Summary al., 1987; Kemp et al., 1987). This observation has facili-
tated the characterization of these chromosomes and the

The human malaria parasite P. falciparum exhibits mechanism by which these deletions arise. The first such
extensive strain-dependent chromosomal polymor- rearrangement to be described was in the gene for the
phisms that have been implicated in the generation of knob-associated histidine-rich protein (KAHRP; Pologe
antigenic variability in this organism. These polymor- and Ravetch, 1986), which maps to chromosome 2. This
phisms can result in large deletions in chromosomes protein is required for the formation of knobs (Kilejian,
as determined by pulsed-field gradient gel electropho- 1979), structures that mediate the binding of the infected
resis. We have investigated the molecular basis for ex- erythrocyte to capillary endothelial cell surfaces (Trager et
tensive deletions in chromosomes 2 and 8 in multiple al., 1966; Luse and Miller, 1971; Udeinya et al., 1983). As
geographic isolates of this parasite that result in the a consequence of knob formation and endothelial cell
loss of expression of well-characterized parasite anti- binding, high parasitemias and obstruction of the micro-
gens. The structure of these polymorphic chromo- circulation are observed that contribute to the virulence
somes reveal that a mechanism of chromosome break- associated with falciparum malaria (Miller, 1969). Sponta-
age and healing by the addition of telomeric repeats neous mutants have been isolated that have lost the knob
most plausibly accounts for these karyotypes. Fur- and are thus avirulent (Langreth and Peterson, 1985). We
thermore, the orientation of these gene fragments on have previously shown that loss of the knob in these mu-
their truncated chromosomes reveal that the healed tants resulted from a rearrangement in the gene for the
chromosome originally associated with centromeric KAHRP with deletion of 3' sequences and association of
elements is mitotically stable and maintained. A the truncated gene with a telomere (Pologe and Ravetch,
model for the possible role of this mechanism in the 1986).
complex parasite life-cycle is discussed. We have used the KAHRP rearrangement, which gen-

erates the knobless phenotype as a model for chromo-
Introduction somal polymorphisms, and have characterized the struc-

ture of the polymorphic chromosome 2 in four independent
During the life cycle of the malaria parasite, a series of K- isolates. An extensive deletion was found on those
complex phenotypic switches occur that allow it to alter- chromosomes distal to the KAHRP gene, and an abrupt
nate between its invertebrate and vertebrate hosts. The transition occurred at the breakpoint from coding sequence
majority of these switches occur in a precisely regulated to telomeric repeats. No evidence of a target for homolo-
way as morphologic changes during parasite develop- gous recombination was found, suggesting that chromo-
ment. Others occur in the form of antigenic variations that some breakage and healing by the addition of telomeric
contribute to immune evasion by the parasite in the ver- repeats had occurred. Further support for this mecha-
tebrate host (Howard and Barnwell, 1984). While the mo- nism in generating deletions was found in the analysis of
lecular basis for most developmental switches is poorly a chromosome 8 polymorphism that was associated with
understood, more is known about the antigenic variation the loss of HRP II gene expression. In contrast to the
observed in this parasite. Extensive chromosomal poly- KAHRP, the functions of the other histidine-rich proteins
morphisms have been observed in different geographical of P. falciparum, HRP II and III are unknown. HRP III is
isolates of the human malaria parasite Plasmodium fal- nonessential to survival of the parasite in its vertebrate
ciparum (Kemp et al., 1985; Van der Ploeg et al., 1985). and insect hosts (Walliker et al., 1987); HRP II is dispensi-
These polymorphisms may reflect a mechanism by which ble in culture and may be nonessential in vivo rs well.
some antigenic diversity arises (Pologe and Ravetch, Characterization of chromosome 8 from an HRP II- iso-
1986). In addition, the unusual stretches of tandemly late revealed a structure similar to what was found for
repeated protein coding sequences comprising most the chromosome 2 polymorphisms in the KAHRP gene.
malarial antigen genes may further facilitate strain varia- These results suggest that the mechanism of DNA break-
tion (Cowman et al., 1985; Sharma et al., 1985; Galinski age and telomere healing in generating these polymor-
et al., 1987). phisms may be general. This process may also suggest

Characterization of polymorphic chromosomes of R fal- a mechanism by which changes in Plasmodial gene ex-
ciparum has revealed the presence of large deletions that pression may be occurring, such that the widely observed
arise mitotically during the asexual life cycle of the para- chromosome polymorphisms may indicate other changes
site, both in vivo and in vitro (Van der Ploeg et al., 1985; in specific gene expression.
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c'"' 81,1 tiT1?81II•5t 0AI"A",AIAAC€IAAII00TATTTTKACACAA8 genomic-FVO- clonewith~no-evidence, of either unique
K*(C) AAAAIAIAAIAITTTIIAAAGCAAAAGIAIATAAAAGAAAACAAIATATAHAIA All 600 sequence or subtelomeric repeats.
Ký') ........ - ..... .'w" To determine the breakpoint sequences from the Gam-
i('(5) T8IACAAAA 11ZAZATA1IC6¢IACATAAT0AT IAGACAAI(CAAAA5T!1|IAA4AACAAAAA 660 "

-.. :eg!T*e()e fA A bian K- clones D3, D4, and E96, an-alternate approach
(c) IA IttZAGGAAAAAlATGCICTCCIGItIT8ACTAAAAITCIVIYACIOCIIIItt 720 was employed. Amplification of the sequences surround-

-) .. ing the breakpoints was accomplished in a polymerase
C[• (S) GfG=4?c 7T ? 1tAA0 GC 1SIl0AC TCAATAATG6AAAC4G 76$

,.. ........ . .. chain reaction (PCR) using the thermostable Taq DNA
C%,4) A.C(•'1•;.t:CITTTT•ITCAGA0AAAAGA 6&652 AOCAC7AMGCAACATCAACA 825 polymerase (Saiki et al., 1988). The derived sequences

. ................. 1... .....

C%4) LCATCA:5ACCA!CACCAICAACATCAACACCA5CA5Ch86;CC5CACCSAACACACCA gas demonstrated a single breakpoint for all three Gambian" ----------- .. ...................... ... ..... K- clones (Figure 1). The common breakpoint for D3 and
(') O-CA tAtA[ CA GAA0T0A! ACACCAA$ CAe•C ACAG TICACCA ACAAtZACAeGC 945 4

- .............................- D4, which are independently cloned K- isolates from a
mixed FCR3 population, suggest that the mutational e'vent

-3u ý' preceeded the cloning of these isolates. However, E96, a
() spontaneous K- mutant that arose in the clonal K+ popu-

Figure 1. Comparison of the Wild-Type KAHRP Gene and the FVO-, lation A2 (derived from FCR3), is the result of an indepen-
D3. D4, and E96 Mutant Gene Sequences dent mutational event. Sequence alignment of this break-
(+I indicates knobby. (-) indicates knobless. KI(G) Indicates the perti- point with the wild-type sequence (Figure 1) demonstrates
nent region of the FCR3 cDNA sequence (Pologe et at , 1987) K-(G) a similar abrupt transition at nucleotide 665 from KAHRP-
indicates sequences obtained from clones D3, D4, and isolate E96 encoding sequences to the telomeric repeat sequence.
(see text). K-(V) corresponds to the FVO- sequence, which was ob- The K- mutation arises spontaneously in culture in mitoti-
tamed from a genomic clone and contains an intron after position 748.
The conserved splice donor and acceptor sequences are indicated in cally growing parasites and can be isolated from in vivo
lower case. The 435 bp intron has been omitted for the sake of clarity, infections (Trager, personal communication; Corcoran et
Dashed lines in the K- sequences indicate identity to the wild-type al., 1986). This phenotype is nonviable in vivo, resulting
KAHRP cDNA sequence. Telomere sequences are accentuated by a in the death of the parasite in the spleen of its host (Lan-
boldface font. A map of the wild-type KAHRP gene is presented below
the sequences. Open rectangles indicate transcribed sequences 5 greth and Peterson, 1985). Persistance of a mechanism
and 3' untranslated (UT) sequences, the signal (S) sequence, and re- that results in a nonviable phenctype suggested that it
peatsequences(hatching)areshown Thepositionsofthebreakpoints may serve an alternative function in the parasite. We
in the Gambian (G) and Vietnam (V) K' genes are indicated therefore sought to determine if this mechanism is of more

general significance in generating chromosomal polynior-
phisms.

Results
A Structurally Similar Deletion of Chromosome 8

A Complex Rearrangement Is Responsible for the Occurs in the HRP II Gene in an HRP II- Strain
Loss of KAHRP Gene Expression in K- Mutants The HRP II gene maps to chromosome 8, which demon-
We had previously shown that the breakpoint of the dele- strates strain-dependent polymorphism, as seen in Figure
tion in the KAHRP gene of chromosome 2 differed in two 2A. HRP II mRNA expression is undetectable in strain D10
geographic isolates. The breakpoint in the Vietnam isolate (data not shown). This strain also demonstrates a more
FVO- occurred in the polyhistidine-encoding sequences, rapidly migrating chromosome than the HRP II+ strains
while the breakpoint in the Gambian isolates D3 and D4 A2, FCR3, D3, and HB3. The association of a null pheno-
occurred in the 5' untranslated sequence (Pologe and type with a chromosomal polymorphism suggested that it
Ravetch, 198A). Characterization of the sequences at the might demonstrate a deletion similar to the KAHRP on
breakpoint was pursued to elucidate the molecular basis chromosome 2. To determine if this in fact is the case,
for this deletion. A genomic clone was obtained from the DNA isolated from D10 and an HRP II+ isolate were
FVO- isolate after brief Bal31 digestion of total genomic digested with the restriction endonuclease Bglll and
DNA and was subjected to DNA sequence analysis. The probed with the HRP II cDNA probe. As seen in Figure 2B,
sequence obtained is shown in Figure 1 and is compared two DNA fragments are detected with this probe: the HRP
with the previously published cDNA sequence for the II fragment migrating at 7.3 kb and the cross-hybridizing
KAHRP gene (Pologe et al., 1987). The FVO- sequence HRP III fragment of 23 kb. In the HRP II- mutant D10, the
is identical to the FCR3 cDNA sequence (K+) from the HRP II fragment appears smaller and diffuse, diagnostic

Xmnl cloning site at nucleotide 681 up to 748, where an in- of the heterogeneity of telomere-containing fragments.
tron of 435 nucleotides interrupts the genomic sequence. The relationship of the HRP II gene to the telomere of
Identity resumes at nucleotide 749 and continues to the chromosome 8 was evaluated in the mutant and wild-type
deletion breakpoint at nucleotide 930 at which point an strains by Ba131 sensitivity. As seen in Figure 2C, the HRP
abrupt transition is seen to the telomeric repeat GGG- I gene in the D10 isolate is sensitive to the processive exo-
TTTA. Variation in this telomeric repeat was observed af- nuclease activity of this enzyme, while the wild-type strain

ter five copies of this sequence, demonstrating the variant is resistant to Bal3l digestion under identical conditions
sequence GGGTTCA or the less frequent sequences (data not shown). Thus, the DNA rearrangement in strain
GGTTTA and GGGTTCCA. Approximately 1kb of telomeric D10 places the gene closer to a chromosome end. De-
sequences were determined (data not shown) from this tailed restriction mapping of the HRP II gene in the HRP

• • • •• • "-
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- ___ Figure 3. Comparison of the Wild-Type and Mutant HRP II Gene Se-
2 quences

232- 2.0 The HRP II* sequence was derived from the 7G8 isolate and the HIP1It- sequence from strain D10. Dashed linos indicate sequence iden-
9.- - tity. The telomere repeat sequence is indicated in boldface. Nucleotide9.4- " • 1.

- .9- --- numbers correspond to those of the published 7G8 sequence6.5.- 6 (Wellems and Howard, 1986). Differences between the two sequences
6 -. - .6 all occur within the coding sequence of the gene. They include several

-. - silent third base substitutions, three substitutions that result in amino
acid changes, an insertion, and a deletion, all of which presumably re-

4.3- -flect strain-dependent sequence variation (Ravetch et al., 1985). A
map of the HRP II+ gene is drawn below 'he sequence comparison.
The position of the HRP 11- breakpoint is indicated by the arrcwhead.

2.3-
2.0- of the HRP II sequence, establishing the polarity of this

Figure 2. Genomic Orgenization of the HRP If Gene in II' esn T iso gene on chronosome 8 relative to its centromere. The
lates orientation of the KAHRP and HRP II genes on their
(A) Chromosome mapping of the HRP Il gene. P. falciparum strains are respective chromosomes relative to the cenlromere is i:-
A2, D10, FCR3, D3, and HB3 (left to righ') I1+ and lI-indicate wild-type lustrated in Figure 4, where it can be seen that the two
or mutant for HRP II gene expression. t itti4 cross-hybridization is de- genes are in opposite polarity relative to their respective
tected to the HRP III gene on chromosome j2 'Kemp et al., 1987) under centromeres.
the conditions of DNA transfer and hybridization used here. Comparison of the sequences occurring at the break-
(8) Southern blot analysis of the HRP II gene. Bglll digest of DNA iso-
lated from D10 (It-) and FCR3 (11+) probed with the HRP II cDNA clone point of chromosomes 2 and 8 involved in these polymor-
6412 under moderate stringencyconditions (final wash 550C). Molecu- phisms is shown in Figure 4. A six-out-of-eight nucleotide
lar weight markers (kb) are shown on the left. homology was found flanking the breakpoint in two of the
(C) Ba131 susceptibility of the HRP II gene in HRP II- isolate D10. three sequences determined. This sequence was absent
Numbers at the top of each lane indicate digestion time in minutes. Af-
ter Ba131 treatment, DNA aliquots were digested with BgllI, fraction- in the D3, D4, and E96 breakpoints in the KAHRP gene
ated onto 1% agarose Tris-acetate EDTA gels, and probed with the apart from a CA dinucleotide immediately preceeding the
HRP II cDNA probe. breakpoint. The significance of these sequences in medi-

ating breakage or healing will require additional examples
to be adequately assessed. No evidence was found for an
extensive target that might mediate homologous recombi-

II+ isolates and the D10 strain demonstrates that a dele- nation between telomeric sequences and internal chro-
tion has occurred in the 5' coding sequence of the rear- mosomal sequences.
ranged gene with the remaining 3' sequences associated
with a telomere. Discussion

The precise structure of this rearranged chromosome
was determined by molecularly cloning the HRP II- gene We have defined the structure of two polymorphic chromo-
from the D10 isolate. The sequence of that clone was de- somes that contain large deletions of DNA and result in
termined anid compared with wild-type HRP II sequence altered gene expression. The simplest mechanism that
from the Brazilian isolate 7G8 (Wellems and Howard, accounts for the data presented here is one in which DNA
1986), as seen in Figure 3. The sequences are nearly breakage occurs, followed by healing of the broken ends
identical from nucleotide 659 to the 3'end of the published by the addition of telomeric repeat sequences. While heal-
sequence (position 1150). The C-rich Strand of the canoni- ing by recombination has been extensively characterized
cal telomere repeat is immediately adjacent to the 5' end in yeast (Dunn et Al., 1984; Haber and Thorburn, 1984),
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cHRsM", 2 ciawoSME & give rise to K- mutants spontaneously upon propagation

,,TRANSC•RPTi, [ TRANCRP'TiO 3 in vitro, which accumulate as a result of their growth ad-

K. , _,.--_-,._--4•---..-o'iP,,1 vantage (W. Trager, personal communication). This mdi-

- -----. ,-oRP If- cates that the mechanism of chromosome breakage and

o C'M'- healing occurs during mitotic growth. The frequency of
I Tel�, K- appearance varies in different strains, suggesting that

KX(V) AG CA C C A C AGQTT C^CC A A C A AG TA C the mechanism that generates these phenotypes may be
TCGTGGTGTCCAAGT IT £GTTCAT r

+ a mutation of a wild-type mechanism and not a conse-
K÷(G) A T TAT A^ A TTTTACA A A T T TA T A T A quence of a normal pathway. This would further suggest •

T AA TAA"AA TT rA A A A T AT that other genetic loci may be contributing to the chro-
CA AG A T G G T G mosomal rearrangements that result in the K- pheno-

11+ G C A T G A T G A G C A T gCAG qTC_l T r -TGeo
C G T A C T A C T C G T A G T G A C G T A C C A C type. It is intriguing to note that the chromosome struc-

tures described here ihat result in the K- and HRP Ii-
Figure 4 Summary of the KAHRP and HRP II Gene Structures phenotypes are indistinguishable from the chromosome
(Top) Summary maps of the chromosome 2 and 8 deletions The tran- structure of a mutant in P. tetraurelia, which results in the
scriptional orientations of the KAHRP and the HRP tt genes on chro- loss of the A surface antigen gene (Forney and Blackburn,
mosomes 2 and 8, respectively, are indicated with arrows above each
map. Open rectangles represent transcribed sequences in the unrear- 1988). In that ciliated protozoan, DNA breakage and heal-
ranged genes Single lines indicate nontranscribed sequences Bro- ing occur in a developmentally regulated fashion during
ken lines indicate undetermined distances the generation of the somatic macronucleus from the
(Bottom) Summary of wild-type sequences flanking the breakpoints in germ-line micronucleus This results in the active tran-
the KAHRP and the HRP II genes All sequences are presented from scription of macronuclear genes. In the d48 mutation, an
centromere to telomere (lett to right) across the breakpoint The arrows
indicate the positions of the breakpoint Limited homologies are over- aberrant breakage event occurs within the transcriptional
lined The HRP II sequence is compiled from the D10 isolate 5' of the unit for the A gene that results in its partial deletion. The
breakpoint and from the 7G8 sequence following the breakpoint resulting truncated gene is found immediately adjacent to
(Wellems and Howard, 1986) The conserved CA sequence immedi- telomeric repeats. We suggest that like the d48 mutation,
ately preceding the breakpoint comes from the rearranged D10 gene the K- and HRP 11 gene structures may be the result of

an aberrant mechanism. A normal counterpart for this
mechanism may exist in Plasmodia which could result in
the regulation of specific gene classes by changing their

it is less likely that interchromosomal homologous recom- chromosomal positions relative to the telomere (Borst and
bination between sequences that are internal on one chro- Greaves, 1987). Characterization of other chromosomal
mosome and telomeric on another could generate the polymorphisms will determine if gene activation can occur
structures we have characterized. The reciprocal product as a consequence of breakage and healing.
predicted in this type of mechanism has not been detected
nor is a substantial homology to telomeric sequences •
present near the breakpoints of these deletions. Se- Experimental Procedures
quences flanking the breakpoints have not been detected Parasites

elsewhere in the genome (L Pologe and J V Ravetch, un- P. falciparum isolates D3 and 04 were cloned by micromantpulation of

published data). This iatlk of a target for homolcgous the Gambian isolate FCR3 (Trager et al, 1981) Isolate E96 is a K- mu-

recombination similarly argues q.gairst a mechanism of tant that arose spontaneously in the clonal K* isolate A2 (W Trager.
personal communication) All FCR3-derived isolates were kindly sup-

intrachromosomal recombination. The recent suggestion plied by Dr William Trager Isolate FVO- was cloned by limiting dilu-
that recombination mediated by a 21 base repeat (rep 20) tion from the Vietnam clone FVO+ (Gritzmacher and Reese. 1984) •
located in a subtelomeric position can account for these and was provided by Dr Robert Reese Isolate D10 was cloned by limit-
polymorphisms (Corcoran et al., 1988) is unlikely since no ing dilution from strain FC27. which was originally isolated from a pa-

tient in Papus New Guinea (Anders et al , 1983, Corcoran et al, 1986)
evidence of a rep 20 sequence is found at or near the and was generously provided by Dr Thomas E. Wellems Parasites
breakpoints of Zhese chromosomes. were grown in synchronous culture as described (Trager and Jensen,

Chromosome breakage and healing by the addition of 1976. Pasvol et al, 1978, Lambros and Vanderberg, 1979)

telomeric repeat sequences has been described in other •
lower eukaryotes (Greider and Blackburn, 1985; Black- DNA EsolatIon, Bap31 and Restriction Enzyme Digestions,Ge; Electrophoresis. and DNA Hybridization
burn, 1986) and can result in distal deletions (Forney and DNA was obtained irom P falciparum iso-ates as described by Goman

Blackburn, 1988). Chromosome healing can be envi- et a. (1982) Restriction enzymes Pnd Ba131 were used according to
sioned to occur on both broken fiagments, with loss of the the manufacturer. 6pccifications (NEB) Radiolabeled cDNA probes
fragment not originally associated with a centrcmeric ele- were prepared by nick-translation with [a-

32pjdATP (Maniatas et alt
1982) Hybridization of cDNA probes was under stringent conditions

ment upon subsequent rounds of mitotic growth. This (50% formamide, 10% dextran sulfate, 5x SSC, 7 mM Tris IpH 76), lx
model can account for the large distal deletions observed Denhardt's solution, 25 vg/ml of salmon sperm DNA. at 421C) South- •
in the polymorphic chromosomes described here and for ern blots were washed at 55*C or 650C in 01x SSC and 0 1% SOS
the observed polarity of the gene fragments relative to Hybridization with 5'end-labeled oligonucleolides were performed as

their respective centromeres. described by Zeff et al (1986) Pulsed field gradient gel electrophoretic
separation of P falciparum chromosomes was performed us'ng the

It has been observed that the K+ phenotype is stable in method of S-hwartz and Cantor (1984) Agarose blocks comaining P
some P. falciparum clonal isolates while other isolates falciparum-infectederythrocytesat 10%-20% parasitemiaswere pie-
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pared as previously described (Van der Ploeg et at, 1985) Chromo- from clone 6412 One stable positive clone was solated containing a

somes were separated in 1% agarose, 0bx TBE gels electrophoresed 18 kb insert and analyzed in detail
at 150 V at 10

0
C for 36 hr at a pulse frequency of 300 sec in both the

north-south and east-west directions Prior to transfer to nitrocellulose Acknowledgments
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Ring-infected erythrocyte surface antigen-negative isolates of Plasmodiumfalciparum demoinstrate a complex
DNA rearrangement with inveision of 5' coding sequences, deletion of upstream and flanking sequences, and
healing of the truncated chromosome by telomere addition. An inversion intermediate that results in the
telomeric gene structure for RESA has been identified in the pathway. This inversion creates a mitotically
stable substrate for the sequence-specific addition of telomere repeats at the deletion breakpoint.

The genome of Plasmodium falciparumi, the protozoan 7.8-kilobase fragment was detected in the DNA from
parasite responsible for the most severe form of human RESA' isolate FC27, as well as in DNAs from clone D10
malaria, is extremely flexible. It displays polymorphisms on and the tionclonal isolate FCR3. However, five FCR3-
the order of fifty to hundreds of kilobase pairs between deri,,ed clones display ed a smaller Hinll band and migrated
genetically equialent chromosomes from different parasite as heterogeneous-sized DNA fragments BAL 31 susceptibil-
isolates (8. 10. 14). These chromosome length polymor- ity of the RESA gene in total genomic DNA from one of
phisms can inole deletions in which structural genes are these clones demonstrated that the gene had assumed a
lost (4, 10, A1). One well-characterized mechar.ism by which telomeric location in these parasites (E96, data not shown).
:his class of polymorphisms is generated is the introduction Cloning and sequencing of the D3 mutant confirmed the
of double-stranded breaks in the DNA, followed by the previously reported RESA gene structure and deýmon-
enzymatic addition of telomere repeats to the free 3' ends, strated the identical breakpoint (3, data not shown). It is
thereby stabilizing the foreshortened chromosome fragment
to mitosis (11). A conserved sequence element has been
identified at the breakpoint of multiple, independent events,
suggesting a specificity to either the breakage or the healing
reaction (11). This specificity has been further characterized C• Q N to .c
by the detailed analysis of a subtelomeric rearrangement for 2 i W 0 0 UC.

chromosome I in the ring-infected erythrocyte surface anti-
gen (RESA) gene. 231 -

RESA is a 155,000-M, peptide of unknown function which
is deposited onto the ,rythrocyte surface by the invading
merozoite during asexual development (2) and which accu- 9.4-
mulates in the erythrocyte cytoplasm surrounding the game- 6.5 -
tocyte at the onset of sexual development (13). The structure
of the RESA gene in a RESA- isolate has been shown to
involve both an inversio:i of the signal-encoding exon and a 4.3-
largc deletion. This inversion is mediated by homologous t-•
recombination between homopolymeric A and T sequences
in the 5' untranslated and intron sequences, respectively.
The deletion includes DNA sequences from the middle of the •
signal exon 5' to the end of the chromosome (see Fig. 2). The 2.3-
resulting truncated gene is followed by an abrupt transition 20-
to the P. falciparuni telomere repeat sequence (3).

In order to dete-rmine the mechanism and generality of theRESA gene deletion and chromosome I rearrangement, FIG 1 Southern blot analysis of the RESA gene i DNA
from multiple isolates FC27 (RESA*) is a mixed isolate derived

restriction mapping was performed on DNAs from a number from a patien' in Papua New Guinea (9). Isolate D10 (RESA')
of P. .fahiparimn isolates. Figure 1 snows Hincll-digested was cloned by limiting dilunon from strain FC27 (1L 8). FCR3
genomic DNA probed witn a RESA sequence probe which (RESA-) was isolated from the blood of a patient from Gambia (7).
recognizes the 5'-most HinclI RESA gene fragment. A Clones A2. D3. D4, and clone I (RESA ) were cloned by micro-

manipulation from the Gambian isolate FCR3 (12). E96 (RESA-) is
a K- isolate that arose spontaneously fiom the clonal K' :solate. A2

"Corresponding author (W Trager, personal communication). Ilincll-digested DNA was
Present address Department of Medical and Molecular Parasi- probed under stringent hybridization conditions with a DNA frag-

tolog.. New York University Medical School. Neu York, NY ment that spanned nudleotides 1919 to 1984 in the published RESA
10016. sequence (5). Sizes are shown on the left, in kilobases.
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- FIG. 2. Proposed mechanism for generating the RESA- struc-
A22-c~J--T4 ~ ~ ~ ---- ,~'---~ ture. The RESA gene is located on chromosome 1 and is oriented

5' to 3', teloinere to centromere. Symbols: 0, centromere: e9,
indeterminant number of kilobase pairs-, =2, translated sequences
of the RESA gene with the nontranscribed poly(dA) and poly
(dT) sequences 5' of the signal encoding sequences (5) and second(N Iexon, respectively; M and M , sequences encoding repeated
amino acids (the direction of transcription is 5' to 3' from left to

............ J ~~A~O pathway; 44-H+-+-++, telomere repeats. The conserved CA at the
breakpoint is shown in line 3 oriented 5' to 3', centronsere to
iteornere.

-- n-126- I~-- .-. _ _ __ _ __._ _ _ __ __ _

-- An-I~-T 2-t ~ ~ ~'~ breakpoints. The breakpoint occurs following a CA dinucle-
AC otid-- ,,!quence,. as has been found immediately preceding

IAC the Transition to telomere repeats in every gene rearrange-
mernt 'to a tciomere in P. fialciparumn described to date (1).
This suPgests t~at a common sequence element is necessary

44W444M-T26-F KE1111 1A foi some s,:e p iii :he pathway to a viable rearrangement (Fig.
2). Týhis obsi'rvacion leads its to propose a model in which an
inversion, whichi is mediated by base pairing and a crossover

likely, therefore, that the differences in the mobilities of the ev~ent bciýveen the hotioopolymeric A and T sequences that
RESA- HinclIA fragments in Fig. 1 are due to differences in flank tht biiiertct1~q~~;s precedes the deletion event.
the average nuniber of telomere repeats in the various Subsequent LNA brzakage ýFig. 2, T arrow) and teloinere
paras.ite populations and not to differences in the deletion addition generattid thc obtcr'vc-d chromosome 1 structure.

A. B. C. D.
r + r- + t-. I,- +

N OOI'- LL or' acor-. 0 (\-i (10X C)

'10 0>. U0I (D0 0>I
W__0 0 f-LLU ý 0 r--c..

.87- 87 .350

1.08-s 2853 8 1.08 1.33,8

.87 1.8 5 5283

.4n3 -

PCR Olgos 52, 433 58 ,53 43353

585 433
winvertyed - A2 -LaJ-T2 4

52833 583
0.

FIhG 3. PCR anal~sis of wild-type ind rearranged RESA sequeCaes froin total genormic DNA purified from RESA- isolates FC27. DIO,
7G8, and FVO' and RE{A -solate D4. (A) DNA ampliflc,,tion of wild-type RESA sequences. (B) DNA a:-ipliflcation of wi'd-type and
inscrlted intermediate seqceaes.IC kC) l)NA cimphification of inserted sequenLCes incaiding sf quenCes organized t0 ci telomer kexposure. 1 h,

"O'~C %ith an intensifying screen). (D) oserexposure t2 days. -70"C with an intensifying screren) of panel C with tD4 amplified DNA loaided
unto the gel at .i 100 dilution compared %kith other samples. tE) mcip of RESA gene )top) anid insersion intermediate (bottom) onchromosome
I Akth PCR oligunucleotidc- indi,,atcd in their 5 -to-3 ori1-ntation. Blots %%e.- probeda~s deScribed elsewhere t15). Oligonucl'eotde sequences
are 585 tFrAAAAGC'rfCCTTA-UCTTG). 528 (CTCAACAATATATGjGGTACI. 433 (CTATATGCATGAAAAGGTCTQ, 583 (AAGT
TATCAACCTTrI'CGI. and t..'obe (CCATTATATCCAAGATTACCC). Other details of the map are de~ciibed in the legend to Fig. 2.
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A , intermediate, we amplified a 950-base-paii DNA fragment
from Al of the parasite isolates tested including the 1)4 DNA

,,1 t U ; m (Fig. 313). This observatiot, has been verified by using a more
-0 u internal 5'-flanking ohgonucleotide, which ge:neiaies a cor-

respondingly smaller inversion fragment in RESA- strain D4
of the same intensity, as seen here (data not shown). To
confirm the presence of an inversion in strain D4. oligonu-
cleotides that amplify only the inversion were used (433,583;
"Fig. 3C). Oligonucieotide 433 corresponds to a DNA seg-
ment th'it is not deleted in the telomeric gene. Hybridization

--- - with an internal 32P-labeled oligonuclcotde detects an abun-
1 35- cant product from the RESA - D4 DNA that corresponds to

87 the &Zne in the telomeric configuration as well as to a
60 - putative inversion intermediate Significantly, the presence
31 - of this inversion is also detected with very long exposure
23- t times in DNA from wild-type parasite populations (Fig 3D).

We chose to ivestigate a number of geographically distinct
isolates (FC27 and D1O, Papua New Guinea. 7G8, Brazil.
D4, Gambia, FVO' , Vietnam) to verify the generality of the

PCR Ohgos 640,475 640,130 RESA inversion.
In order to discriminate between the putative inversion

intermediate and RESA sequences that were inverted and

C----- -T4" RESA , healed by telomere addition, oligonucleotide 475 was em-
__ _ ployed. This oligonucleotide corresponds to sequences that

130 475 2 640 are deleted in the RESA- telorneric gene and can ampiify
. sequences of only an inverted, undected intermediate. Spe-

cific amplification of the inversion intermediate, which re- -FlG 4 (A ,and B) PCR analysis of rearranged RESA sequences suited in a 290-base-pair fragment in RESA- isolate D4 and
from RESA isolate D4 and RESA- isolates FC27 and H132
Ohgonucleottdes (Ohgos) used to target sequences for amplification at a dimished level in the RESA' isolates FC27 and HB2,
are indicated undcr the autoi ediogram (A) Inverted sequences, (B) was observed (Fig. 4A). Amplification of the inverted.
sequences rearrangeo to a telomere (C) Map of the RESA gene (,. telomere-associated DNA fragment was accomplished
chromosome I with PCR oligonucleotides ,and other details as through the use of an cligonucleotide primer which corre-
desLrnbed in tc legend to Fig 3 OhgonuL',eotide 475 (TATAGT-V1T sponds to the telomere sequence and an internal RESA
It(AAI-AAIA) G66; vas used %%ith oligonutleotide 640 I-TGCA sequence 130,640). Amplification of the telomere-associated 0
GAA6C'FFGAAC.VfCT'ATCAGTAAA) to speiificall amplify the sequences m these three isolaies resulted in an abundant
mi ci sion Ghgonucleotnde 130. containing three copics of the C-rich species that was derived from the major RESA species in the
telumn re rcpeat sequen-e C('CTAAA. and ohigonucleotide 640 vkere
used to specificail\ amplify RESA sequences that had been rear- D4 DNA. which magrates as a smear because of the ampe-
ranged to a telomere. ficaton of many hundreds of teiomeres. Signficantly, the

HB2 isolate displayed a minor population of sequences in
which the RESA gene is associated with a telomere, no

We have described siunflar rearrangements invoking chro- telomencally located RESA gene was found in DNA from
mosome breakage and heahng by telomere addition for the the FC27 isolate
knob-associated histidine-rich protein gene on chromosome These studies indicate that an inversion intermediate can
2 and the histidine-iich protein 11 gene on chromosome 8 be detected and is hikel to precede the deleted. helacd form.
(11) as predicted in the model proposed above (Fig. 2). A

Fl-hs model pred;ict,, the existente of an intermediate in preious mode! (3) for generating the RESA gene structure
which the signal exon and the intron sequc.nces are inerted. 'Ahich proposed an unresolved recombination event with
Fo identify this intermediate, the polymerase chain lea.tion nuclcase digestion and healing instead of an intermediate is
(PCR) wa, used wtth oligonucleotides which would specifi- therefore incorrect. The inversion appears to be a required
cally target the inverted structure. Total genomic D)NAs first step in this DNA rearrangement If specificity resided in
from a RESA mutant and from a number of parasite thc cleavage reaction, then healing could generate a RESA-
isolates in which the RESA gene appeared unrearranged telomeric gene in the absence of inversion We have never
were chaiacterized. detected a RESA- telomeric gene with the signal exon in an

Oligonucleotide,, which would amliify only the wild-type uniteried olientation The inversion rearranges the con-
sequence (528,583). the inverted sequence 1433,583). or both served CA dinuclotide to a centromere-proximal position
(585,583) were synthesized a , 3E) -he PCR-amplhfied Breakage and healing of the inverted sequence then result in
products were detected by hytridization with an internal a mitotically stable, truncated chromosome. These results
sequence (probe). Figure 3A shows the amplification of indicate a sequence specificity for the' healing reaction.

irld-type RESA sequences in five different geographical which always includes a CA dinucleotide Whether similar
isolates A 580-ba,e-pair fragment vxas detected in all sequence specificit is required for the breakage event is still
RESA' isolates but was absent in the RESA- isoiate 1)4 undetermined
Even upon extreme overexposure of the autoradiograms. These results demonstrate a novel pathway by which a
there is no evidencn of wild-type RESA sequence,, in this gene can be inacti'vated in PI.jhipartint The generality of 0
isolte. However, us,mg oligonatilettide,, which flank the this mechanism is cut rentl tinder investigation DNA inver-
n:.sumptive inverted sequenLes and which would therefore sion has beei ,hohmn to regulate gene expression in Sahno-
targ:.t both the wild-tlipe aud the presumptixe inxersion mnla ýplnhmnuun and bacteriophage Mu Inversion of pro-
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mote r-co ntaining segments in S. typhitnuirmiu switches 1982 G inversion in oacteriophage Mu. a novel way of gene
between the pioduction of two types of Plagfllar antigens splicing. Nature (London) 297:339-342.
(16), whereas inversion of 31' coding sequences oiut.~ide the 7 Jensen, J. B.. and W. Trager. 1978 Plas modtion ftlciparunm4n
promoter in bacteriophage Mu modulate,, the expression of culture- establishment of additional strains Am. J. Tiop. Med.
tail fiber protein genes and thereby broadens ats hiost range 8.Hyg 27:743-746.0

8.Kemp, D. J., J. K. Thompson, D. Walliker, and L. M. Corcoran.(6). It is intriguing to speculate that signal exon inversions 1987 Molecular karyotypes of Plasmnodtuun falciparitin: con-
mediated by flanking homopolymers of A and 'r perhaps served linkage groups and expendible histidine-ricli protein
including transcriptional control signals, may occur as a genes Proc. Natil. Acad. Sci. USA 84:7672-7676,
biological switch to modify gzene expression in 1P. 'falci- 9. Kemp, J., R. L. Coppel. A. F. Cowman, R. B. Saint, G. V.
parnt,?. Brown, and R. F. Anders. 1983. Expression of Plasniodluin

falrr"aiiam blood stage antigens in Es(lwric/ia~ colt: detection
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It has long been appreciated that the hu- gote. It is during the sexual cycle that inde-
man malaria parasite, Plasmodium falci- pendent assortment of chromosomes oc-
parum, demonstrates extensive strain- curs to generate novel karyotypes. Recom-
dependent polymorphisms with regard to bination between genes has been observed
antigenic determinants and protein iso- and can occur by either homologous or un-
forms. This extensive strain variation is equal crossing-over, generating novel chro-
both a theoretical and a practical barrier to mosomes.
the development of strategies to intervene
in the life cycle of this parasite. The genetic CHROMOSOEN STRUCTURE AND THE
basis for some of this polymorphism has EVIDENCE FOR POLYMORPHISM
been elucidated over the past several years, Analysis of the chromosomes of P. falci-
with the application of molecular biological parum has been hampered until recently by
approaches to the characterization of the the failure of these structures to condense
parasite. As a consequence of these stud- and be easily visualized. Separation of
ies. the extent of genetic polymorphisms chromosome-sized DNA molecules by
demonstrated by this parasite has become pulsed-field gradient electrophoresis (PFG)
increasingly apparent. indicative of a geno- for P. fiah iparumn blood stage parasites re-
mic plasticity not previously appreciated. vealed discrete molecules, ranging in size
The structural basis for this genetic varn- from 800 to 3500 kb (Van der Ploeg el al.
ability and its functional consequences are 1985: Kemp et al. 1985). Accurate sizing of
briefly reviewed here. the chromosomes was established by re-

The parasite alternates between two striction enzyme analysis of the isolated
hosts during its complex life cycle. During molecules with comparison of the resultant
its asexual stage the parasite is a haploid fragments to bacteriophage X concatamers
organism. propagating first m~totically (Wellems et al. 1987). It is now reasonably
within the liver and then within the eryth- well established that 14 discrete chromo-
rocyte of its vertebrate host. Differentiation somes can be reproducibly identified
into male and female gametocytes occurs (Wellems et al. 1987: Kemp et al. 1987),
during the erythrocytic stage of growth. In- accounting for the genome size of 2.5 X 107

gestion of these organisms by the feeding bp. This value is in good agreement with the
mosquito initiates the sexual cycle of devel- number of kinetochores visualized by elec-
opment, with fertilization between gametes tron microscopy (Prensier and Slomianny
occurring within the insect vector, followed 1986). The asexual erythrocytic stage of the
by meiosis during early division of the zy- parasite is haploid (Walliker et al. 1987),
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with no gross chromosomal changes appar- vealed no basis for homologous recombina-
ent during the stages of erythrocytic devel- tion in generating these polymorphisms.
opment or gametogenesis (Van der Ploeg et Rather, chromosome breakage and
al. 1985). The striking observation made by "healing" by the direct addition of telo-
PFG analysis of P. falciparurn chromo- mere repeats are responsible for these poly-
somes from different geographical isolates morphisms (see below). While not ex-
is the extensive chromosomal polymor- cluded, no evidence has been reported for
phism apparent in this organism. Variation DNA amplification generating chromosom-
in the sizes of chromosomes has been ob- al polymorphisms.
served to exceed 15% of the total length of The deletions that have been character-
an homologous molecule. The origin of ized can result in the loss of coding as well
such polymorphisms and their significance as in reiterated sequences. In the first such
to the parasite have recently yielded some example, a polymorphism of chromosome 2
important insights, was indentified as resulting from deletion of

the KAHRP gene (Pologe and Ravetch
MOLECULAR BASIS FOR 1986). This results in a parasite which is

CHROMOSOMAL POLYNIORPHISMS unable to synthesize the knob structure.
The role of the knob is to mediate the in-

The determination that homologous teraction of the infected erythrocyte with
chromosomes can vary extensively in size the endothelial cells lining the postcapillary
raises the question \khether such xariations venules. This interaction is responsible for
are the result of reciprocal exchanges of the sequestration of the infected erythro-
DNA between heterologous chromosomes, cyte in the deep vasculature and contrib-
the result of deletions, or the result of DNA utes to the high morbidity and mortality of
amplification. To address this question. de- falciparum malaria. Loss of the knob re-
tailed physical maps of polymorphic ho- suits in a parasite which is nonviable in vivo
mologs of chromosomes 1. 2. 4. and 13 since it cannot sequester and is cleared by
have revealed that deletion of sequences the spleen. Deletion is thus not without its
does indeed result in the observed differ- consequences. While the majority of stud-
ences in the sizes of the polymorphic ho- ies have been performed on isolates
mologs (Wellems et al. 1987: Corcoran et adapted to in vitro culture and maintained
at. 1988; Sinnis and Wellems 1988: Patara- in that fashion, chromosomal polymor-
potikul and Langsley 1988). It is of partic- phisms have been observed in natural infec-
uiar interest that the deletions are confined tions as well (Corcoran et at. 1986). Finally,
to the ends of these chromosomes, making it appears that stability of a particular
those regions of the chromosome wore la- karyotype is both strain-dependent and
bile. Attempts to identify the deleted seg- subject to environmental growth condi-
ments elsewhere in the genome have been tions. Using clonal isolates, several groups
negative, further supporting the conclusion have observed the stability of certain karyo-
that interchromosomal exchange is not re- types upon long-term propagation in cul-
sponsible for the size variations seen. A re- ture, with other strains demonstrating in-
cent study hypothesized a role for homolo- stability with the emergence of deletions for
gous recombination between repetitive se- chromosomes 2 and 8 (W. Trager, personal
quences (rep 20) in generating the observed communication; Wellems et al.. in press).
chromosomal polymorphisms in chromo- A recent study followed the karyotypes of a
somcs 1 and 2 (Corcoran et al. 1988). As is clone subjected to mefloquine selection or
described below, detailed analysis of chro- maintained in the absence of the drug. Both
mosome 1, 2, and 8 polymorphisms re- populations developed novel karyotypes,
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with the emergence of polymorphisms be- all cases, deletion of coding sequences re-
ing more numerous in the parasites exposed suited in smaller chromosomes, with loss of
to drug selection (Wellems et al.. in press). RESA expression in the chromosome I
Included among the changes observed was polymorphism. KAHRP expression in the
the deletion of the HRP 11 gene on chromo- chromosome 2 polymorphisms. and HRP II
some 8. Once again, the changes observed expression in the chromosome 8 polymor-
appeared to be confined to chromosomal phism examined. The analysis of these de-
ends. letions in multiple independent clones re-

From the studies cited above it is clear %ealed that an abrupt transition occurred
that chromosomal polymorphisms can oc- \uthin coding sequence to simple telomeric
cur during mitotic growth of the parasite repeats. No evidence was found f'or sub-
and may reflect the mechanism by which telomeric sequences at these chromosome
the parasite adapts to changes in environ- ends nor was a target for homologous re-
mental states. A prior study (Walliker et al. combination apparent. The structure of
1987) demonstrated that chromosomal these chromosomal polymorphisms is most
polymorphisms can alo arise meioticall\ consistent with a mechanism in which
In that ,tudy. the cross-fertilization oftnos- breakage of the chromosome within the
quitoes with two distinct strains resulted in coding sequence occurs, followed by the
the emergence of nonparental karyotpes addition of telomere repeats to "heal" the
when analyzed after cloning of the resultant broken ends and stabilize the truncated
blood stage organism.s. Those nonparenlal chromosomnes. The orientation of the
karyotypes included the independent as- KAHRP gene on chromosome 2 in K iso-
sortment of chromosomes in a Mendelian lates, the HRP II gene on chromosome 8 in
fashion, as well as the generation of novel- HRP 11-. and the RESA gene on chromo-
sized chromosomes. Analysis of one such some I in RESA- isolates relative to their
novel chromosome demonstrated that respective centromeres further indicates
crossing-over between homologs was re- that healing can occur on both broken ends.
sponsible for the no,,el chromosome (Sinnis ith t'.e fragment associated with a cen-
and Wellems 1988). Extensive deletions at tromere being mitoticallk stable and main-
the ends of these chromosomes did not pre- tamned. The sequence anal.sis of multiple,
clude pairing and exchange. Recombination independent clones revealed that two
during the sexual cycle, as occurs during classes of sites in the parent chromosome
mosquito transmission, is an important are subject to this type of breakage and
component in the emergence of novel karo- healing, suggesting that some specificity to
types, but cannot explain the mitotic insta- this event exists. Further examples are un-
bility observed, nor the observation that der investigation to determine the extent of
polymorphisms map to the ends of chromo- this specificity. These studies, then. dem-
somes. onstrate a mechanism whereby large dele-

tions occur and result in polymorphic chro-CHROMOSOME BREAKAGE AND TELOMlERE msms
mosomes.

HEALING RESULTS IN LARGE DELETIONS

To begin to address the mechanism of mi- FUNCTIONAL CONSEQUENCES OF

totic instability of P. flalciparum chromo- CHROMOSOMAL POLY MORPHISIMS

somes and to account for the localization of
these deletions to chromosome ends, de- An obvious result of the deletion of se-
tailed characterizations of polymorphic ho- quences is the loss of specific antigens.
mologs of chromosomes 1. 2, and 8 were While there is no evidence to support the
carried out (Pologe and Ravetch 1988). In notion that such deletions might confer a
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selective advantage, directed studies are and healing may similary exist in P. frlci-
necessary to investigate this possibility. parum, analogous to that described in the
The suggestion that chromosomal rear- ciliated protozoans. Repositioning genes in
rangements increase upon exposure of the the vicinity of chromosome ends is a gen-
organism to environmental pressures raises eral strategy for gene activation (Borst and
the possibility that genomic plasticity is Greaves 1987) and may be functioning in P.
among the mechanisms employed by this falciparum as well. Thus, in the course of
parasite to adapt to environmental stresses the complex life cycle of the parasite the
(Wellems et al.. in press). However, the activation of specific genes. or classes of
loss of specific sequences, like the KAHRP genes, by altering their relationship to a
gene. results in parasites unable to seques- telomere maý be invoived in their transcrip-
ter. The consequence of this loss, then, is tional r-,1glation. It remains to be seen
the removal of K- parasites in vivo by the whether chromosomal polymorphisms can
spleen. A mechanism which results in a result in the expression of specific sc-
nonviable phenotype would not be main- quences, perhaps during switches in life cy-
tained in the absence of other selective cle or in response to environmental pres-
pressures. It would appear, then, that loss sure. In this context. then, the strains
of specific sequences, like the KAHRP, is a which demonstrate genot~pic instabilit% of
consequence of a mechanism which is particular chromosomei ma. provide evi-
maintained for another purpose in the par- dence for the existence of other genetic loci
asite. What selective pressure could be which encode trans-acting products re-
driving the maintenance of such a mecha- quired for the breakage and healing events
nism of breakage and healing'? It is intrigu- described above. Mutations in these loci
ing that the structures of the deletions char- could result in the inappropriate breakage
acterized for chromosomes 1. 2, and 8 are or healing of chromosomes to yield some of
identical to what has been observed in the the karyotypes observed.
ciliated protozoans. In that class of organ- The tantalizing glimpses of the mecha-
isms. developmentally programmed chro- nisms operating in this parasite to result in
mosome breakage and healing occur during its enormous genetic p!asticity suggest the
differentiation, generating a somatic macro- directions for future study. Perhaps most
nucleus from a germline micronucleus important is the frequenc, at which these
(Blackburn 1986). As a consequence of this novel karyotypes appear in wild popula-
fragmentation process, genes become tran- tions. The application of the polymerase
scriptionally active in the macronucleus. A chain reaction to the analysis of rare events
mutant has been characterized in P. tetrau- will circumvent the previous difficulties ex-
relia in which the loss of a specific surface perienced in the analysis of in vivo popula-
antigen results from aberrant breakage of tions. How the parasite avoids accumulat-
the chromosome within a transcriptional ing progressively shorter chromosomes as a
unit. This results in deletion of the affected consequence of the mechanisms described
gene so that an abrupt transition is ob- here will need to be addressed. The func-
served between transcribed sequences and tional consequences of these polymor-
telomeric repeats (Forney and Blackburn phisms are just now being addressed and
1988). The chromosome structure gener- should yield important insights into the bi-
ated is indistinguishable from that de- ology of the parasite. Finally, with such in-
scribed for the chromosome 1, 2, and 8 de- formation being available, rational ap-
letions (Pologe and Ravetch 1988). I would proaches to the intervention in the disease
like to suggest that a wild-type counterpart caused by this important pathogen may be
to the mechanism of chromosome breakage possible.
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